Fishery acoustic surveys conducted in the Bay of Biscay and dedicated to monitoring and predicting pelagic ecosystem evolution reveal numerous active seeps on the Aquitaine Shelf, east of the shelf break, at water depths ranging from 140 to 185 m. Some acoustic anomalies recorded in the water column with hull-mounted single and multibeam echosounders are clearly caused by fluid escape at the seabed, most likely gases. These fluid emissions are associated at the seafloor with high backscatter subcircular small-scale mounds, on average less than 2 m high and a few metres in diameter. Based on near-bottom video and acoustic surveys, these mounds are interpreted to be byproducts of gas seepage, possibly methane-derived authigenic carbonates. The spatial distribution of the seeps and related structures, based on water column acoustic gas flares and high backscatter seabed patches, appears to be relatively broad, with a North-South extension of ~65 km across the Parentis Basin and the Landes High, and a West-East extension along a few kilometres wide on the shelf. The seepage activity seems persistent through time at the annual scale, with acoustic evidence dating back to 1998. The spatial distribution of the fluid emissions at the Aquitaine Shelf may suggest possible sedimentary and tectonic controls in relation with the Pyrenean compression phase. The nature and the origin of the emitted fluids and seafloor mounds are unknown. The gases may correspond to biogenic methane from Late Pleistocene deposits or to thermogenic gases originating from deeper, Jurassic-Cretaceous levels. The oil province of the Parentis Basin raises questions regarding possible genetic links to the petroleum system.
Abstract:
Fishery acoustic surveys conducted in the Bay of Biscay and dedicated to monitoring and predicting pelagic ecosystem evolution reveal numerous active seeps on the Aquitaine Shelf, east of the shelf break, at water depths ranging from 140 to 185 m. Some acoustic anomalies recorded in the water column with hull-mounted single and multibeam echosounders are clearly caused by fluid escape at the seabed, most likely gases. These fluid emissions are associated at the seafloor with high backscatter subcircular small-scale mounds, on average less than 2 m high and a few metres in diameter. Based on near-bottom video and acoustic surveys, these mounds are interpreted to be byproducts of gas seepage, possibly methane-derived authigenic carbonates. The spatial distribution of the seeps and related structures, based on water column acoustic gas flares and high backscatter seabed patches, appears to be relatively broad, with a North-South extension of ~65 km across the Parentis Basin and the Landes High, and a West-East extension along a few kilometres wide on the shelf. The seepage activity seems persistent through time at the annual scale, with acoustic evidence dating back to 1998. The spatial distribution of the fluid emissions at the Aquitaine Shelf may suggest possible sedimentary and tectonic controls in relation with the Pyrenean compression phase. The nature and the origin of the emitted fluids and seafloor mounds are unknown. The gases may correspond to biogenic methane from Late Pleistocene deposits or to thermogenic gases originating from deeper, Jurassic-Cretaceous levels. The oil province of the Parentis Basin raises questions regarding possible genetic links to the petroleum system.
Introduction
Seepage activity at continental margins is a relatively widespread phenomena (Judd and Hovland, 2007) , emphasized in particular by the increase in multibeam seabed and water column mapping and technological advances in the last decade (e.g. Dupré et al., 2008 Dupré et al., , 2010a Mascle et al., 2014) . Seeps may occur at shallow water depths in the proximal domain (Baltzer et al., 2014; Damm et al., 2005; García-Gil et al., 2011; Hovland, 2002; Jensen et al., 1992; Laier et al., 1992; Levin et al., 2000) , as in deep basins (Dupré et al., 2010b; Foucher et al., 2010) . Fluid escape and seep-related structures at the seabed, e.g., authigenic carbonate structures (Aloisi et al., 2002b; Bayon et al., 2009b) , pockmarks (Gillet et al., 2008) , brine pools (Woodside and Volgin, 1996) , and mud volcanoes (Dupré et al., 2007) , may be the surface expression of deeper processes (Deville et al., 2003; Dupré et al., 2014; Loncke et al., 2004) . Fluid emissions may be associated with water, oil, and gas, including hydrogen sulfide, carbon dioxide (McGinnis et al., 2011) , biogenic methane and thermogenic gases (Prinzhofer and Deville, 2013) . Fluid escape through the seabed to the water column can be recorded acoustically with deep-towed side scan sonars (Dupré et al., 2010b; Merewether et al., 1985) , as well as single beam (Foucher et al., 2010; Greinert et al., 2006; Nikolovska et al., 2008) and multibeam (Dupré et al., 2010a) echosounders.
The present study focuses on acoustic signatures of water column fluid emissions and seeprelated structures at the seabed of the Aquitaine Shelf (Bay of Biscay, France). This fluid system was discovered only recently by the reviews of ship-borne single and multibeam data acquired during the fishery resource assessment cruises conducted by Ifremer (Petitgas et al., 2009 ).
Geological setting
The Mesozoic Aquitaine Basin located in southwestern France comprises several sub-basins, including the Parentis Basin which is filled with 15 km of sediments above a relatively thin crust (Biteau et al., 2006; Bois and Gariel, 1994) . The tectonic history of the Parentis Basin was controlled by two major phases. Rifting initiated in the Early Cretaceous, mainly along the ~W-E Ibis fault (Fig. 1a ) (Jammes et al., 2010) , and aborted at the end of the Albian. The Pyrenean compression phase ranged from the Late Cretaceous to the middle Eocene. The Parentis Basin is a proven oil province with reservoirs from the Upper Kimmeridgian-Barremian in relation to Late Jurassic shaly-carbonates source rocks (Biteau et al., 2006; Bois and Gariel, 1994) . The Aquitaine Margin is characterized by Triassic salt deposits forming diapirs and related fault systems (Biteau et al., 2006; Bois and Gariel, 1994) .
The studied area is located offshore along the Aquitaine Shelf between the Cap Ferret and Capbreton canyons, within the French Exclusive Economic Zone (EEZ), in the Parentis Basin and in the northern part of the Landes High (Fig. 1 ).
Pockforms and pockmarks have been identified respectively in the deeper parts within the Spanish EEZ (Iglesias et al., 2010) , and south of the Capbreton canyon (Gillet et al., 2008) (Fig.  1a) . This latter pockmark field, located at water depths between 400 and 800 m, is interpreted as being related to upward fluid migration from sediment filling of buried paleocanyons in relation with the Capbreton canyon system (Gillet et al., 2008) . (Bois and Gariel, 1994) . The two green stars mark the northern and southern limits of the seep domain identified in this study, based on seafloor backscatter data from the North-South Pelgas 2011 profile shown in Fig. 1b . Known seep-related morphologies at the seabed, a pockmark field south of the Capbreton canyon (Gillet et al., 2008) and pockforms in the distal domain (Iglesias et al., 2010) , are reported with locations of the ECORS (Bois and Gariel, 1994) and Sparker (Bellec and Cirac, 2010) 
Dataset
The acoustic water column dataset was acquired during Pegase98 (1998) and Pelgas (2000 Pelgas ( -2011 , marine expeditions dedicated to monitoring and predicting pelagic ecosystem evolution in the Bay of Biscay using the acoustic facilities of the Research Vessel (R/V) Thalassa (Petitgas et al., 2009) . Two ship-borne echosounders, a Simrad EK60 single beam and recently (since 2008) a ME70 calibrated multibeam, equipped the R/V Thalassa. The multibeam echosounder was developed by Ifremer together with the manufacturer Simrad, for details of the system see Trenkel et al. (2008) . The EK60 system operates simultaneously at 18, 38, 70, 120 and 200 kHz while the ME70 multibeam system runs between 70-120 kHz. These echosounders image and record both the water column and the seafloor. The ME70 multibeam data provide valuable information on the seabed morphology and the nature of the subseafloor, respectively, with the bathymetry and seabed backscatter. Post-processing of the ME70 acoustic signal has been set up by Le Bouffant et al. (2013) . A remote operated towed vehicle, the EROC (Engin Remorqué d'Observation de Chalut, © Ifremer, Doray et al., 2011) , surveyed some of the seeps at the Aquitaine Shelf in 2011 at 2 kn speed. The EROC system is equipped with a black and white video and an EK60 200 kHz single beam echosounder providing ground-truth information and high acoustic resolution of the detected targets, respectively.
The Movies 3D software (©Ifremer, see e.g., Trenkel et al. 2009 ) was used to replay and process the water column acoustic data presented in Figs. 2 to 6 as 2D water column echograms and 3D views.
In addition to the acoustic Pegase98 (1998) and Pelgas (2000 Pelgas ( -2011 datasets, backscatter seafloor images acquired during the Itsas (1998 and 2001) and Bobgeo2 (2010) cruises were also integrated in the study.
Results
Numerous and various echoes are recorded in the water column along the Aquitaine Shelf, caused by the presence of aquatic organisms (e.g., Trenkel and Berger, 2013) and gas bubbles (this study). Backscatter from swimbladder fish is mainly produced by their gas-filled bladder which shows a very strong impedance contrast with the fish flesh and the seawater (Foote, 1980) . A similar impedance contrast applies for gas bubbles, which are small in size compared to swimbladders. According to the linearity principle, Foote (1983) and Rottingen (1976) used a basic assumption to relate the backscattered intensity to fish density; it can similarly be assumed that the backscatter would be proportional to bubble density. The acoustic anomalies interpreted as the presence of gas bubbles in the water column will be referred to as -gas flares‖ after Obzhirov et al. (2004) . One of the main differences in acoustic records between fishes and bubbles is the shape of the echoes. Gas emissions form elongated flares rooted at the seafloor, subvertical or slightly inclined depending on the current (Figs. 2-4 ).
In ship-borne single beam echograms (Fig. 2) , gas bubbles are detected over the entire range of frequencies (18, 38, 70, 120 and 200 kHz) , with an enhanced signal at 18 kHz. For frequencies higher than 18 kHz, bubble echoes are smothered by echoes from small objects including fluid organisms, plankton, and tiny gas-bearing organisms with resonant backscatter around 50 kHz (Trenkel and Berger, 2013 ). An ER60 200 kHz single beam towed at 30 m above the seabed with the EROC system ( Fig. 7a ) provided high-resolution acoustic records of gas flares emitted from the close surroundings of a 8 m wide subcircular mound (Fig. 6d) . ) water column data provide 3D views of the gas flares (Figs. 4, 6b and 6c ).
Fluid emissions recorded at the Aquitaine Shelf occur between water depths of 140 and 185 m (Fig. 1) , and reach tens of metres above the seafloor (Figs. 2-4 and 6) with some reaching close to the sea surface (Figs. 3c, 4a and b ). Seepage appears persistent through time based on 16 years of records, from 1998 to 2013 (Figs. 2-6 ). See examples along the 44°04'N West-East transect (Figs. 2 and 3 ).
Gas flares are associated at the seabed with subcircular features less than 2 m high and a few metres in diameter on average (Figs. 2b, 2f, 5a and 6d ). There is no evidence for the presence of pockmarks at the seabed, only positive reliefs are identified.
These small-scale mounds are systematically associated with high backscatter seabed patches (Fig. 5b) . Available seafloor backscatter data from the Pelgas 2011, Itsas (Sterckeman et al., 2009 ) and Bobgeo2 cruises provide complementary information on the spatial distribution of seeps and seep-related structures at the seabed (Fig. 1b) . High backscatter seabed patches are mainly located close to the shelf break, with the highest densities identified in the southern part of the Pelgas 2011 and Itsas dataset (Fig. 1b) , in accordance with the acoustic gas flare distribution (Fig. 1 ).
Seabed observations via the EROC video system (Fig. 7a ) (see pictures extracted from the video in Figs. 7b and c and the video available as supplementary data) revealed structures that resemble authigenic carbonates that commonly precipitate in seeping environments (Aloisi et al., 2002a; Bayon et al., 2009b; Jensen et al., 1992; Pierre et al., 2012) . The quality of the images and the relatively high-speed survey (2 kn) were not suitable for observing gas bubbles. Despite the poor quality of the image, a thin sedimentary layer appears to partly cover these mounds. The near-bottom video also provides information on the fauna, although limited. Numerous sponges scatter the seafloor and are found on top of and closely surrounding the small-scale mounds, visible due to their size and optical contrast with the sediments and rocks. Away from these structures, the density of the sponges seems to decrease. Fig. 1 . The threshold is set to -60 dB and -65 dB in a) and b), respectively. The acoustic water column of the Aquitaine Shelf is very much disturbed both by biomass (numerous fish schools, planktonic levels) and gas bubbles. (Jones et al., 2012) . The Snakehead Bank is known to be the locus of active gas methane seeps, identified by acoustics and video.
Discussion and conclusions
Active and persistent gas seeps. Numerous active gas seeps have been discovered on the Aquitaine Shelf at water depths of 140 to 185 m. Acoustic records from 1998 to 2013 reveal a persistence of seepage activity, at least at the annual scale (see e.g. Fig. 3 ). Local temporal variability at shorter time scales, as commonly observed elsewhere (e.g., Bayrakci et al., 2014; Foucher et al., 2010) , is however not excluded.
Spatial distribution of the seepage activity. The eastern and western boundaries of the seep domain are not fully constrained due to the acoustic and sampling strategy of the Pelgas surveys. However, based on seafloor backscatter data from the Itsas cruises, although with a small coverage (Fig. 1b) , the seep-related structures appear localized east of the shelf break along a ~5 km wide band in the West-East direction. Far east of the shelf, there are no evidence for seep-relates structures. This view is in accordance with the acoustic gas flare distribution, with seeps distributed along at least ~65 km along a north-south oriented axis, between the Cap Ferret and the Capbreton canyons. The most eastward gas flare is located ~10 km east of the shelf beak (Fig. 1) . The presence of active and former seeps westwards in the deeper parts of the basin should not be excluded. Within the Spanish EEZ, pockforms have been already identified at the seabed (> ~1200 m water depths) and interpreted by Iglesisas et al. (2010) as possible fluid-related features (Fig. 1) . The potential link between these pockforms and the active gas seeps on the French Aquitaine Shelf cannot be determined without further investigation. The seeping area identified in this study corresponds to the offshore Parentis Basin and to the northern part of the Landes High (Fig. 1) . Within this identified seep domain, several clusters with higher densities of gas flares and high-backscatter small-scale mounds are present (Fig. 1) .
Seep-related structures. The acoustic gas flares recorded in the water column of the Aquitaine Shelf are not associated with pockmarks but with positive metre-scale reliefs systematically characterized by high backscatter seabed patches. These latter features are well known at other margins where they correspond to authigenic carbonate structures (Bayon et al., 2009b; Dupré et al., 2010b) . Gas may escape through carbonates if porosity allows, or may occur preferentially at the edges of the carbonate structures (Dupré et al., 2010b) . The mounds on the Aquitaine Shelf are interpreted as seep-related structures most likely built by precipitation of authigenic carbonates. Ground-truthing via towed video support this interpretation by revealing the presence of rocks resembling authigenic carbonates ( Fig. 7 and video, see supplementary data) . Methane-derived authigenic carbonates have been previously reported, for instance, off the Danish coast at 10-12 m water depths in conjunction with acoustic and video evidence for gas emissions (Jensen et al., 1992) . Another shallow water site, very similar to the Aquitaine Shelf seeping area, has been described at the Snakehead Bank in the Gulf of Alaska (Jones et al., 2012) . Methane gas emissions have been discovered there at 75-150 m water depths with acoustic systems and video. Morphological structures at the seabed, most likely seep-related structures although not yet analyzed, present a strong resemblance (Fig. 7d) to the seep-related mounds identified on the Aquitaine Shelf (Figs. 7b and c, see video in supplementary data). Sampling together with mineralogical and isotopic analyses of the Aquitaine Shelf mounds would determine the nature and origin of these structures and if they are methane-derived authigenic carbonates.
The absence of pockmarks at the Aquitaine Shelf seabed may be related to slow gas fluxes, which lead instead to precipitation of authigenic carbonates and eventually, if seepage activity is persistent enough, to mound-like structures (Roberts, 2001) as observed on the bathymetry (Figs. 2b, 2f , 5a and 6d) and video ( Fig. 7b and c) . The formation of metre-high carbonate structures would require a relatively continuous seepage through time, over at least tens of ky.
Although we have evidence of seepage persistence at the annual scale, seep activity could be constrained over longer time scales with U/Th dating (Bayon et al., 2009a) .
Ecosystems. The diversity and distribution of benthic fauna in relation with seeps is poorly constrained at the Aquitaine Shelf despite decades of investigation. The chemio-synthetic biota, including microbial mats and symbiont-bearing invertebrates, e.g. bivalves and polychaetes (Levin et al., 2000; Vanreusel et al., 2009) , may be expected there, sustained by gas release. Sponges are observed with higher density in the vicinity of and on the top of the mounds, which are interpreted as seep-related structures, than away from them. Other species may be present at the seafloor or within the sediments but were not visible in the recorded video, in particular endofauna, e.g. polychaetes that may be present at cold seeps in shallow waters or in the deep sea. In the shallow waters off the Danish coast (northern Kattegat), for example, methanederived authigenic carbonates support a diverse ecosystem ranging from (symbiotic) bacteria to macroalgae and anthozoans (Jensen et al., 1992) . Many animals live there within the rocks in holes bored by sponges, polychaetes and bivalves. Benthic fauna in relation with seeps on the Aquitaine Shelf, although poorly constrained, may point to localized and relatively poorly developed chemosynthetic communities, possibly due to low gas fluxes, bottom currents and predation pressure (Sahling et al., 2003) . Megafauna at seeps may include many nonsymbiontbearing species, which profit in a variety of ways from the biomass and productivity of chemosynthetic megafauna (Vanreusel et al., 2009) . Some active centres of mud volcanoes are characterized by high bioactivity in the near-bottom water column, with a large diversity and abundance of organisms (Vanreusel et al., 2009 ) and dense accumulations of larvae of crustaceans and fishes (Dupré et al., 2007) . For example, the Zoarcidae is a typical fish family encountered at cold seeps (Biscoito et al., 2002; Gebruk et al., 2003) with some endemic species likely having adapted to the toxic environment. The high concentration of living organisms potentially reflects the availability of food in relation to the activity of the mud volcano. Similar to the mud volcanoes, fluid escape structures on the Aquitaine Shelf may serve to attract some species of fish. The Bay of Biscay is a well known and prolific pelagic fishery area, in particular with anchovies at Aquitaine Shelf (Trenkel et al., 2009) where numerous active seeps have been identified. Similarly, the Snakehead Bank (Gulf of Alaska), located at 75-150 m water depths and where shelf rockfishes are abundant, is also the locus of methane gas seeps and structures at the seabed that resemble to authigenic carbonates (Jones et al., 2012) . Further investigation would be required to determine the possible role of the seeps with regard to the presence of fish, for example with respect to their involvement in the food chain and in providing suitable substrate habitats via the formation of carbonate structures.
Nature and origin of the fluids. The acoustic gas flares recorded on the Aquitaine Shelf may correspond to biogenic methane (Fig. 8a) , possibly originating from Late Pleistocene deposits (Bellec and Cirac, 2010), or to thermogenic methane and higher hydrocarbons with a deeper origin (Fig. 8b ) from Jurassic-Cretaceous levels (Bois and Gariel, 1994) , or a combination of the both. Most of the identified gas seeps are located within the Parentis Basin, roughly from the centre of the Parentis Trough (Biteau et al., 2006; Bois and Gariel, 1994) to the southern edge of the basin (Figs. 1 and 8) . The southern limit of the seep domain lies at the Landes High. In case of thermogenic gases, the salt present on the Aquitaine Margin could play a role in the occurrence and therefore in the spatial distribution of the seeps by 1) contributing to organic material trapping and maturation and 2) subsequently providing suitable conduits for fluid migration and expulsion at the seabed via the fault network in relation with salt tectonics Huguen et al., 2009; Loncke et al., 2006) .
Whatever the fluid origin, the spatial distribution of the identified seeps may suggest a possible relation with the stress regime and faults induced by the Pyrenean compression phase.
Further investigation involving sampling and geochemical analyses is required to determine the nature and origin of the emitted fluids and the possible genetic link with the hydrocarbon system of the Parentis Basin, a known oil province (Biteau et al., 2006; Bois and Gariel, 1994) . . The soft cover (U1) deposits on the substratum with a basal erosive surface (S1) and may be defined by three domains, the outer zone characterized by prograding deposit units, the median zone where the U1 is thin, and the inner zone. See details in Bellec and Cirac (2010). b) South-North deep seismic profile from the ECORS project (Pinet and Montadert, 1987) across the Parentis Basin, with locations of exploration wells (Bois and Gariel, 1994) . PP PlioQuaternary, M Miocene, O Oligocene, E Paleocene-Eocene, lC late Cretaceous, Ab Albian, Ap Aptian, NB Neocomian-Barremian, J Jurassic, TR Triassic, Black Triassic salt body, Pz Paleozoic sediment, HAR High Amplitude Reflection.
Supplementary data
Video. Near-bottom video survey above active gas emission sites characterized by metre scale mounds on the Aquitaine Shelf at 160 m water depths.
